ABSTRACT
INTRODUCTION
Large-scale dust storms, originating at the northern and northwestern China, frequently occur during springtime (Duce 1980; Sun et al. 2001) . During dust storm events, dust concentration in the atmosphere can be elevated to a level that adversely impacts on various economic activities and poses serious health risks and safety concerns, including that for ground <Back to Index>
MODEL DESCRIPTION
The model applied in the simulation of atmospheric dust transport consisted of three major components: a meteorological module, a dust deflation module, and a transport module. The widely used Fifth-Generation PSU/NCAR Mesoscale Meteorological Model (MM5) was applied to provide regional meteorological fields. The dust deflation module used for this study followed the scheme of Wang et al. (2000) . This scheme describes the deflation of dust into the atmosphere in terms of surface type, friction velocity and relative humidity near the surface, as well as the synoptic pattern. Twelve classes of dust particles in the size range of 0.5 to 30 µm in diameter were applied. When the friction velocity or surface wind velocity and relative humidity exceeded their thresholds, dust was emitted into the atmosphere with source strength of:
where S is in kg m s 2 1 − − , C 1 (= 2 9 10 11 . × − ) is an empirical constant, C 2 is a coefficient representing different surface types (e.g., desert, semi-arid, grass land, etc.), u* is the surface friction velocity, RH is the relative humidity (with a value of 0~1) near the surface, and W is the mass fraction of each class of dust relative to total dust mass. Here, C 2 and W are empirically determined for each grid point according to field investigations, whereas u* and RH are provided by the MM5 meteorological calculation.
Dust transport in the regional scale was calculated using the Taiwan Air Quality Model (TAQM). The Taiwan EPA first established this model in 1993 by modifying the Regional Acid Deposition Model (RADM) developed by the US National Acid Precipitation Assessment Program. The version used for this study was the second generation TAQM established in 1999. This model incorporates advanced numerical schemes that improve the precision and efficiency of computation. However, only the transport and dispersion core were used, with all chemical transformation mechanisms in TAQM turned off, to reduce computation time. The dust deflation module is actually embedded in TAQM and functions as an emission source processor. For the purpose of this study, this combination was termed the "TAQM/kosa" model. The execution of TAQM/kosa was conducted offline, using pre-calculated meteorological fields, from MM5, as input.
The transport scheme in TAQM takes into account horizontal and vertical advection, eddy diffusion, and local convective mixing that can occur with unstable weather conditions (Pleim and Chang 1992) . To avoid strong numerical diffusion, the Bott Scheme (Bott 1989 ) was adopted for the advection calculation. In addition to transport, the deposition of dust particles, including dry deposition at the lowest layer, gravitational settlement at all layers, and washout (below cloud scavenging) were also taken into account. The calculation of washout efficiency followed the formula of Pruppacher and Klett (1978) :
where E is the coagulation coefficient, which is set as 0.83 according to Wang et al. (2000) , R is the precipitation rate (in mm hr 1 − ), and H is the sub-cloud layer thickness (in m).
Both MM5 and TAQM apply the Cartesian coordinates in the horizontal domain with Lambert conformal projection (suitable for the mid-latitude regions covered by this study), and σ -coordinate in the vertical direction. The model domain was set on the East Asian region, covering the dust source in Northern/Northwestern China and the Mongolia region, as well as the receptor region of Taiwan. The horizontal grid resolutions were fixed at 81 km by 81 km, whereas the vertical resolution was non-uniformed. MM5 was set to 25 layers in the vertical. However, TAQM was set to 15 layers (at sigma levels = 0. 998, 0.992, 0.983, 0.967, 0.942, 0. 909, 0.869, 0.799, 0.7, 0.6, 0.5, 0.4, 0.3, 0.2, 0.075) with the resolution finest from about 40 m at the base and coarsen to about 2 km at the top. A 5-min time step was used for both MM5 and TAQM.
The MM5 meteorological simulations were run in non-hydrostatic mode, using the 1° × 1°r eanalysis data (including sea surface temperature) and global AVN forecast data of the US National Center of Environmental Prediction (NCEP) as the initial and boundary conditions, respectively. There was no observation of dust concentrations for initialization using TAQM/kosa, so 24 th hour output of dust concentrations were maintained and used as initial conditions for the forecast of the next day. A 96-hour forecast was conducted for the day of operation.
DETAILED ANALYSIS OF TWO EVENTS
The TAQM/kosa model was applied to conduct operational forecasts of dust incursion events during the spring (February 1 to May 31) of 2002 and 2003. A detailed discussion of two case studies for episodes that occurred during late March of each year are presented in this section to demonstrate typical dust deflation and transport patterns. General characteristics of all episodes are summarized in the next section.
Case 1: A "Storm Trooper" with Returning Flow (March 18~22, 2002)
Between March 15 and 16, 2002, strong winds developed between the Mongolian highlow dipole system, where the isobars are closely packed and longitudinally aligned as shown on the surface weather map of Fig. 1a . Since this high-wind spot coincided with the desert area underneath, widespread windblown dust was initiated. This dust deflation was well captured by the TAQM/kosa model (see Fig. 2a ). On the 500 hPa weather map (not shown) a deep trough was found to lie directly on top of this high wind region. The southeasterly flow on the lee side of this trough brought down the cold northern air and strengthened the surface highpressure system. While the surface high-pressure center moved along with the upper-air flow and migrated towards the southeast on March 17 (Fig. 1b) , the cold air outburst at the leading edge of the surface high accelerated, forming a high-pressure ridge that stretched toward the southeast. This ridge split into a sub-high the next day and brought a cold northeast flow to Taiwan, following a swift frontal passage (Fig. 1c ). The sub-high then cutoff from the main ridge and entered the East China Sea at 20 knots. A "returning flow" synoptic pattern was quickly established. Consequently, the leading air mass of the cutoff high that was headed east toward the Pacific turned clockwise and moved westbound toward Taiwan (Fig. 1d ). With such a unique meteorological setup, the road trip of yellow dust to Taiwan was clearly mapped out, and these details were well captured by the model, as described below. The cold air outburst in northern China not only stirred the yellow dust up into the atmosphere but also acted as an air-transport carrier. Figure 2 shows the journey of the simulated dust load at the near-ground level. On each panel two dusty-air parcels were marked to trace their individual paths, which clearly demonstrate the evolution of the dusty air from the deflation stage (Fig. 2a) to the arrival over Taiwan (Fig. 2f) , in a six-day sequence. Thick circles marked the path of Parcel A and dotted circles marked that of Parcel B. The travel paths were determined by HYSPLIT trajectory analyses and by examining the animation of model results. The two parcels were initiated in two adjacent areas inside Mongolia at about the same time but separated further apart as they traveled toward the southeast. Parcel A was stretched into a long curved belt while invading Korea and Japan on the March 17 and 18, and Parcel B went by way of central China almost straight toward Taiwan. As the airflow suddenly slowed and changed direction, the leading edge of Parcel B became hook-shaped while merging with the tail of Parcel A. The overlapping area was the first portion to invade Taiwan, at around midday on March 18. In the mean time, Parcel A became increasingly stretched to the point where it eventually split in the middle. A comparison of Fig. 1d demonstrates that this belt appeared to mark the southern boundary of the continental air mass (the cutoff high) that entered the East China Sea. Figure 3 depicts the PM 10 concentration measured at two coastal stations, Wanli and ILan, and the Yangming Mountain station in northern Taiwan, all of which located within one grid area of the model. A sharp rise in PM 10 that may indicate the arrival of yellow dust can be found at all these stations, but at different times. Data analysis of several events for the Wanli (WL) station indicated that a high amount of sea salt was often produced directly after the passage of the cold front but before the arrival of dust at the station. This result could be due to the station's unique geographic relationship with the northeast monsoon. Analysis of chemical composition of aerosols collected at this site also indicated the presence of a large proportion of sea salt (cf. Wang et al. 2004; Lung et al. 2004; Chou et al. 2004 ). This would explain why the PM 10 concentration at Wanli during the dust incursion events frequently had higher peak values and rises much earlier than at the other stations. The I-Lan and Yangming data however indicated that the model developed for this study captured the timing of this dust incursion rather well. Note that the observations seem to exhibit a double peak pattern, as did the simulated results. Figure 2f demonstrates that the second peak was caused by the returning flow of the cutoff high, which brought back dust of Parcel A from the east. Such a double-peak (and sometimes even multi-peak) phenomenon, associated with a returning flow synoptic pattern, was quite common during 2002 and 2003, with the second wave of dust often stronger than the first.
The simulated horizontal distributions of near-surface dust load were found to correlate reasonably well with several observational data, including regional meteorological surface observations, Chinese urban air quality data ( PM 10 ) and satellite images. Another good comparison was also demonstrated in Fig. 4 , which is a composite map of weather reports on dustrelated atmospheric phenomena for the date of March 19. Here, the distribution patterns show several distinct features that were captured by the simulations depicted in Fig. 2e , such as the wide spread dust over Mongolia, northern and northeastern China and the entire region of the Korean peninsula. The area void of dust between 20~30°N and around 110°E in southern China also matched quite well. Even the dust-belt that passed through Taiwan can be identified, by connecting reports from island stations in the East China Sea, south of Japan, to the coastal stations in southeastern China. Note that there were reports of haze over the whole of Taiwan, and yellow dust probably contributed significantly to the hazy phenomenon on this day. The vertical structure of the dusty air mass is an important factor to the occurrence of dust incursion events, but no information about this phenomenon can be derived from the aforementioned observations. A vertical cross-section of the simulations, depicted in Fig. 5 , indicate that the dusty air mass might have a delicate vertical structure. Note that the sigma coordinate of Fig. 5 roughly corresponds to pressure and height values of Fig. 6 . Near the source region (Fig. 5a ) the upper part of the dusty air column was tilted toward the east due to stronger winds aloft. Some of the dust could have been lifted to high elevations by the strong upward air motion associated with a low-pressure system (see Fig. 1 ). The tilting may have persisted, such that a dust layer overhung atop another dust layer formed earlier, as shown in
Figs. 5a, b and the strong upper-air winds may have carried the dust aloft to the east, shortly thereafter, and so out of the model domain. In some cases (but not this one), high-level dust, caught by a strong jet stream, can travel all the way across the Pacific. In this case, the yellow dust gradually descended due to large-scale atmospheric subsidence and gravitational settlement, while traveling with the surface sub-high entering the Pacific. Before reaching Taiwan, the dust parcels were mostly confined to the lower troposphere. Figure 5c shows the leading edge of Parcel B, which was about 1-km thick, remained close to the surface, on approaching Taiwan. Figure 5d indicates that the mass center of Parcel A was actually 2 to 3 km above sea level. However, verification of the modeled vertical structure was limited, without a vertical profiling instrument, such as lidar, Figure 3 depicts data from the Yangming mountain station. Yangming is normally very low in PM 10 , so when a peak in PM 10 demonstrates a dust load, the thickness of the dust may indicate that dust was observed at or near the station, with exact meanings listed at the lower part of the figure; whereas the 8 different colors represent different times (in three-hour intervals) that the reports were made, with corresponding times given at the lower left corner. Note that for panel (a), the longitude is from 90°E to 130°E, and so is different than the 110~130°E for the other panels.
well be more than 800 m. Note that in Fig. 3 the second peak of PM 10 obtained for the evening of March 20 at this mountain station was higher than that of the ground stations. This peak indicates that the concentration of dust could indeed be higher aloft as shown in Fig. 5d . Another way to check the thickness of the dusty air column is to perform back-trajectory analysis. As shown in Fig. 7a , the low-level (100 m) air, arriving over northern Taiwan on the morning of March 18, can be traced back to the source region but those above 1 km could not. These observations confirm that the leading edge of Parcel B was indeed rather shallow. Figure 7b tracks the second wave of dust (Parcel A, arriving on March 20), and demonstrates that this dust parcel was indeed thicker because the air at 100 m and 1 km both could be traced back to the source region. Note that in Fig. 7 the air traced back to the source region had an altitude of more than 4 km above ground level (which is a couple of kilometers above the sea level itself). These observations confirm that the dust was lifted to high levels before gradually descending to the surface. This case may seem unique in terms of its dual dust parcel and the double peak in the hourly surface dust loading, but such behaviors were in fact rather common during 2002 and 2003. More than half of the simulated events exhibited such signatures. This case represented a swift system that moved straight toward Taiwan like a "storm trooper". The dust load stretched all the way to the surface for essentially the entire journey. The next case was rather different in this respect. 
Case 2: Flanking Paratrooper (March 22~27, 2003)
In 2003, at about the same time of year (March 16) as in the previous case, a dust storm was generated in the Inner Mongolian region. The synoptic setup was similar to the previous case in that a high-low dipole resided on the surface with a deep trough aloft at 500 hPa. However, at this time the Mongolian high was weaker and the winds were not as strong, and multiple centers seemed to indicate that it was not very well organized (Figs. 8a, b) . Again, a high-pressure ridge developed which extended to the southeast and later split into sub-highs. Yet, unlike the previous case, this Mongolian high did not shed its cold air in one quick burst but in pockets (several sub-highs), whose centers possibly merged later or disappeared. The high-pressure ridge did not break apart or enter the East China Sea until after March 23. In the 2002 case, the whole dust incursion event had already finished by this time.
Weak and slow systems with multiple high-pressure centers were the synoptic patterns that set up this rather different dust incursion event. Figure 9a demonstrates that multiple dusty air parcels were generated almost concurrently at the Inner Mongolian region on March 16~17. Although these parcels (mass centers enclosed by the circles) were in close proximity to each other, their fates were quite different. Parcel A (thick circle) formed a bit earlier and disap- Color shades indicate the dust concentration, whereas the arrows represent the wind vector.
peared from the surface map on the March 20 (Fig. 9c) . This parcel was lofted to the middle troposphere, as demonstrated later. Parcel B (dotted circle), generated on March 17, went directly to Taiwan as in the previous case, but the journey took two to three days longer. While Parcel B was entering and vanishing in the South China Sea, a spot of dust emerged just northeast of Taiwan without prior appearance on Fig. 9e . The spot then grew to encompass a large area and approached Taiwan from the northeast to east directions to form the second wave of the dust incursion. These two waves of dust incursion (March 22 and March 25) are evident in the hourly PM 10 data shown in Fig. 10 . The simulation estimated the timing reasonably well, but the peak concentrations were a bit too low for the first wave and too high for the second. The large concentration gradient shown in Fig. 9f indicates that a slight shift in the horizontal distribution pattern could be responsible for the large discrepancy in the peak concentration of the second wave. The regional distribution patterns simulated by the model were generally in good agreement with several other observations, but the details will not be elaborated on here.
The later arrival on March 25 was actually the act of Parcel A, which had remained aloft Note: the vertical cross-section at 39°N is taken from 90~130°E, whereas all other at lower latitudes are from 110~130°E.
since the March 18. Figure 11 shows the vertical cross section at latitudes near the source (39°N), halfway to Taiwan (31.5°N), and just north of Taiwan (25.5°N). Parcel A was initially lifted high into the midair, as demonstrated in Fig. 11a , then became completely detached from the surface after March 20, while traveling slowly to the 125°E longitude. At the time, this parcel resided at the northeast corner of the mid-air (700 hPa and 500 hPa) low-pressure system, located roughly above the Korean Peninsula. Figure 11c demonstrates that Parcel B, which maintained contact with the surface, had already crossed the 31.5°N latitude. Due to low wind speeds near the low-pressure system, Parcel A moved slowly southward days before and then stayed in same vicinity for quite a while, between March 21 and 23. In addition, the upward motion associated with the low-pressure system kept dust from falling to lower levels. The projected locations of Parcel A on the surface are marked with the thick circles in Figs. 9c, d. On March 23 (Fig. 11e) , the low-pressure system near Korea and Japan finally weakened and moved out. Parcel A was then unleashed and descended toward the south along the eastern edge of the cutoff high that was entering the East China Sea. When the dust parcels touched down, they were located less than 100 km northeast of Taiwan and were brought back to Taiwan because of the returning flow. Figure 11f also shows that Parcel A became more and more shallow during this incursion period. The horizontal and vertical transport routes simulated in Figs. 9 and 11 were verified by the backward trajectory analyses given in Fig. 12 . For the first wave of dust (March 22), a thick layer of air (about 2 km high), could be traced back to the source region. The route it took to reach Taiwan was rather direct and remained mostly inland along the east coast of China. For the second wave, the dusty air flanked in toward Taiwan by high-flying over Korea and Japan. The dust then descended at the East China Sea, as demonstrated by the red curve in Fig. 12 , which indicates that the surface air parcel was above 3 km before March 20. It is also worth noting that only the lowest layers (below 1 km; red curve) can be traced back to the source region, as indicated by the shallow dust layer shown in Fig. 11f .
This particular case resembled the previous one in that two parcels approached Taiwan simultaneously via two different routes. As in the previous case, the dust parcels that were generated earlier actually arrived later because they detoured through the East China Sea, reaching Taiwan with the returning flow of the ocean-bound cutoff highs. However, the route taken by Parcel A was unique to the case of 2003, because its flanking airborne route, that flew high over Korea and Japan before entering the East China Sea, never touched the surface until it neared Taiwan. With traditional meteorological observation alone, it was not possible to provide advance warning of dust incursion events that took such a route. 
GENERAL CHARACTERISTICS OF DUST TRANSPORT
As listed in Table 1a , the study model captured 7 and 6 episodes in 2002 and 2003, respectively. Dust incursion events with peak dust concentrations less than 100 µg m not counted here because they were hard to verify with the observations. Several events possibly occurred in late winter (December to January) prior to the operation period, but they will not be discussed in this study. Table 1 also shows the time of incursion, duration, travel (from the source regions to Taiwan), and observed maximum concentration of all these episodes. To derive the travel time, the deflation time at the source region was established first, by analyzing the model results with confirmation from the dust-related weather reports. The arrival time of these events was determined by various methods, including the PM 10 hourly data from Taiwan EPA's monitoring network, weather reports on dust phenomena over the surrounding regions, satellite observations, and field campaign chemical analysis data presented in various other papers (e.g., Wang et al. 2004; Lung et al. 2004; Chou et al. 2004 ). The travel time was obtained from the initial deflation time and arrival time and was double checked with the aid of backward trajectory analysis. This section provides a summary of the general characteristics of these events.
Synoptic Weather Patterns
The East Asian dust storms are generally associated with a frontal system and the Mongolian cyclonic depression (Sun et al. 2001) . Strong winds that elevate yellow dust into the Table 1 . Summarized characteristics of the dust incursion events. The incursion time is local time. Maximum concentration was taken from PM 10 measurements, whereas the horizontal distribution pattern and the thickness of the dusty air column that arrived Taiwan were both determined from model results. In the "Pattern" category, A stands for "broad or patchy area" and B for "band shaped area." In the "Thickness" category, "Shallow" indicates thickness less than 2 km, and "Thick" indicates greater than 4 km. Since the seventh event of 2003 was not captured by simulation, so some of the characteristics were not analyzed.
(a)
atmosphere occur where there are large pressure gradients between the Mongolian high-low dipole systems. Above the dipole system, a deep trough at 500 hPa is also a crucial factor in generating the dust storms. Subsequent transport of the yellow dust is then controlled by the cold air outbreak from the Mongolian high. Very often a sub-high system would split from the main Mongolian high and move southeastward into the East China Sea to form a cutoff high. This feature is crucial to the transport of yellow dust to Taiwan. Liu and Hsiao (2004) found that for the dust deflation events, which influenced Taiwan, the polar high extension covered an area to the south of the Yellow River; whereas for those that did not influence Taiwan the coverage was limited to the north of the Yellow River. Their findings were in accordance with events described in this study. The dust incursion events over Taiwan usually occurred after the passage of a cold front, which was pushed forward by the ocean-bound cutoff high. In addition, the returning flow of the cutoff high frequently brought in a second wave of dust from the east as demonstrated in the previous section. Dust transport patterns in 2003 were different from those in 2002 in some respects. The main reason for these differences was a weaker Mongolian high-low dipole in 2003. In Figs. 13a, b, the 10-year average geopotential heights at 1000 hPa (extrapolated where the ground elevation was high) indicate a prevalent high-pressure system sitting at northeastern Mongolia during winter, with a ridge extending toward the southeast into the northwestern Pacific. In spring, this high-pressure center becomes weaker and prevalent sub-centers appear along the winter ridge, indicating frequent formation of cutoff highs. Furthermore, since a low-pressure core appeared north of Japan, just off the map, the east-west pressure gradient over the Mongolian region is not necessarily weaker in spring than in winter.
Looking at the geopotential height anomalies is another way to manifest the synoptic setups. In winter and spring 2002, the geopotential heights decreased over almost the entire domain, with the allobaric center located north of the Tibet Plateau in winter and at northern Mongolia in spring (Figs. 13c, d ). During winter 2003, the Mongolian high became even weaker, as demonstrated by the greater negative anomalies shown in Fig. 13e . A significant reduction in geopotential heights also occurred along the high pressure ridge during spring, particularly in 2003 (Figs. 13d, f) . When the anomalies became less significant and even turned to positive values toward the east, this indicated that the Mongolian low had also weakened in 2003 (Figs. 13e, f) . Therefore, even though the strength of Mongolian high does not change much, the diminishing east-west pressure gradient indicates a weaker synoptic-scale circulation in the spring of 2003. As mentioned earlier, a strong wind associated with a strong pressure gradient over the dust source region is a key factor to the occurrence of dust storms. So it is plausible that the less frequent dust invasion over Taiwan in 2003 is associated with a fading Mongolian highlow dipole system, although more detailed analysis may be required to confirm this postulation.
Source Location and Transport Route
The source locations of yellow dust that reached Taiwan in 2002 and 2003 were analyzed from the simulation results. Most of the results agree well with the HYSPLIT backward trajectory analysis as well as weather reports on dust phenomena. As shown in Fig. 14 , the main source regions can be located within the Gobi desert of southern Mongolia, Ordos Desert in Table 1 , and they are shown repeatedly to roughly mark the area size.
Inner Mongolia or areas of the Loess Plateau. Simulated dust storms that originated from the Taklamakan desert (in Xinjiang Uygur Autonomous Region) normally do not bring dust toward southern China and Taiwan but rather eastward, at high elevations, to Japan and Korea. This result was in accordance with findings of Sun et al. (2001) . Although no definitive conclusion can be drawn from a few episodes, the source location seems to possess a seasonal pattern. In early spring, the source location lies in Southern Mongolia/Inner Mongolia then appears to shift southward to the Loess Plateau in late spring. In fact, all episodes that occurred during April and May of these two years originated from the Loess Plateau.
Transport Spatial Patterns
Observations can only provide limited information on the temporal and spatial structures of the dust storms. Synoptic meteorological observations and satellite observations both lack resolution for the vertical structure of a dust layer, and very often cannot provide complete horizontal coverage either (the former are void over the ocean and remote areas, whereas the latter are often obscured by clouds). Lidar observations, on the other hand, may provide some details of the vertical structure but unfortunately are not generally implemented to enhance spatial coverage. As a result, few studies have provided a three-dimensional view of the defla-tion and transport processes of dust storms. Numerical simulations, such as those demonstrated in this study, may turn out to be a good visualization aide to better understanding the transport pathways of dust incursion events. The following describes the main transport pattern according to model results.
In simulations, the dusty air mass approached Taiwan either as a broad (and sometimes patchy) area that overwhelms a large portion of Eastern China, or as an elongated band (Table 1b) . Figure 16 schematically demonstrates the formation of the banded transport pattern according to time-laps animation of the model results. The dusty air mass originally appeared as a rotund region where the strong wind region aligned with the surface dust source (Fig. 16a) . It then gradually stretched into a band shape partly due to a sustained wind blown from the source region, and partly due to deformation of the Mongolian cold air mass that gushes southeastward behind a cold front (Figs. 16b, c) . Such band-shaped dust parcels are usually seen trailing behind a cold front by a distance of a few hundred kilometers. How far this band trailed behind the front depended on the original spot of dust deflation, which was generally located at the greatest pressure gradient (and thus strong winds) between the centers of the Mongolian high and Mongolian depression system, as well as the amount of precipitation washout from the large area behind the front. As the high pressure ridge extended toward the Pacific Ocean and cutoff from the main Mongolian High, the southern edge of the cold surge gradually lost strength and slowed down, while the northern cold air at Central China pushed the eastern air mass toward the Yellow Sea, thereby stretching the dusty air even further (Figs. 16c, d ). The anti-cyclonic circulation of the cutoff high later caused the dust that entered the Pacific to move back toward the land along with the "returning flow" (Fig. 16d) .
Episodes that came with shallow dusty air mass (within about 2 kilometers from the surface) were usually associated with belt-shaped systems. In contrast, the broad-area pattern episodes often came with a dusty column that could extend to the 500 hPa level over Taiwan. The 2002 dust often took the surface route and approached Taiwan from the northern directions. In 2003 however, the dust often reached Taiwan via a curved-in route. This dust was first elevated to mid troposphere near the source, then carried eastward by the westerly wind field. The westerly however was not strong enough to carry it across the Pacific Ocean, so the dust gradually descended while traveling with the returning flow of the split high that entered the East China Sea and finally reached Taiwan from the east or northeast.
Travel Time and Duration
The duration of the 2002 dust incursions over Taiwan was usually less than 2 days except for the May 23 episode that lasted for 90 hours and the March 6 episode that lasted for about 70 hours. The long duration was caused by the unique setup of the "returning flow" pattern such that after the arrival of the first wave of dust following a frontal passage, a second and even a third wave of dust were brought to Taiwan from the east. Events associated with such a returning flow are generally associated with extended duration.
Dust events in 2003 were characterized by their longer transport time and weaker strength. As discussed earlier, these characteristics could be attributed to the weaker cold air outbreaks, which caused the wind speed and the movement of the weather systems to slow, more than in the previous year. As a result, most of the dust events took more than 3 days to reach Taiwan, whereas those in 2002 generally took less than 3 days. Note that these transport times were estimated from the simulation results, but verified with the HYSPLIT trajectory analysis and weather reports on dust phenomena near the source region.
Seasonal Dust Distribution
Dust plays a crucial role in physical and chemical processes in the atmosphere and in marine ecosystems. However due to limited observations, their spatial distributions are not very well known, which mitigates an understanding of their potential influences. Satellite measurements provide regional distributions of aerosols, but it is not easy to separate dust from other aerosol particles in the data. In addition, the satellite does not resolve vertical structures. In the following, a summary of the simulated spatial characteristics of atmospheric dust provides information relevant to scientific communities that interested in dust phenomenon. The bulk features for 2002 were generally similar to those in 2003, so only the data for 2003 is displayed for discussion. Figure 17 shows the spring-mean concentration of dust at four vertical levels over East Asia for 2003. From the surface plot (Fig. 17a) , the dust was obviously more concentrated near the source regions (Taklamakan desert, Loess Plateau, Inner Mongolia, etc.) , where the spring mean concentration reached several hundred µg m 3 − . Since the dust entering the oceans is important to marine primary production, and could have significant implications for the CO 2 budget (Martine 1990; Young et al. 1991) , an examination of situations over the oceans is warranted. As Fig. 17a demonstrates surface dust concentration decreases rapidly toward the oceans. Nevertheless, seasonal dust concentration was well above 10 µg m 3 − over most of the East China Sea, as well as parts of the western North Pacific and South China Sea. A high concentration tongue that extended into the East China Sea and the Pacific Ocean was also noted. This tongue was associated with the split high system and the "returning flow" pattern, discussed in Section 4.3 (Fig. 16) . A monthly data check indicated that this high concentration tongue was attributable almost entirely to the events in March. However, this "tongue" feature is not obvious in 2002, indicating less frequent split high features for that period. Over the entire domain, at least 1 µg m 3 − of dust can be found.
A gradual shift of patterns occurred toward higher levels. At the σ = 0.8 level (around 850 hPa), the patterns were rather similar to those at the surface, but the tongue that extended into the East China Sea was noted to possess a higher dust concentration than at the surface (Fig. 17b) . In addition, the westerly component of the wind fields was stronger, so the split high and "returning flow" features on the surface seemed to be rather shallow. At even higher levels (Figs. 17c, d ), the high concentration zone near Inner Mongolia and the Loess Plateau gradually disappeared and only the one over the Taklamakan desert remained. This indicates that dust from Inner Mongolia and the Loess Plateau tended to stay at the lower troposphere, whereas dust from the Taklamakan desert was more likely to enter the upper troposphere and enter the westerly. This finding is consistent with the analysis of Sun et al. (2001) . As a result, there was more dust aloft (~60 µg m 3 − ) than near the surface (~20 µg m 3 − ) over the East China Sea and the western North Pacific. It is worth noting that there was seasonal upper-air trough aligned over the western Pacific Rim, which indicates the westerly bought the elevated dust firstly southward to the lower latitudes, and then veered northward once it had passed over the Pacific. Figure 18 shows the vertical cross sections of mean dust concentration over two regions. The first region (longitudinal profile at 130°E; Fig. 18a ) was selected to show how much dust might enter the westerly then transported to the western North Pacific. About 10~20 µg m 3 − of dust was transported to just above the surface of the western North Pacific, with the highest concentrations located at the Japan Sea. In the upper air, about 30~50 µg m 3 − of dust entered the westerly, and the concentration was higher at the southern latitudes. It seems that significant amounts of yellow dust may have been transported toward the Central Pacific. Since this dust has relatively low fall speeds, it is quite possible that it can travel to North America and perhaps even further by riding with the westerly, as pointed out by Merrill et al. (1989) and The color scheme is in log 10 scale. Vectors that overlaid are the mean horizontal winds. Wilkening et al. (2000) . However, what fraction of the dust readily falls into the Pacific to feed the plankton and how much actually travels further requires global-scale analysis. The second region is over the South China Sea and the Philippine Sea. Here, dust concentration was lower at the surface and decreased toward the east. In fact, the entire surface region to the west of 110°E contained only 5~10 µg m dust concentration was much higher, reaching over 100 µg m 3 − west of the 120°E longitude.
This upper-air dust obviously originated from the Taklamakan desert as shown in Figs. 17c, d and was brought here by the westerly. Due to the limitation of the model domain size, it was difficult to tell whether a significant amount of Asian dust was transportable to the equatorial region or even the southern hemisphere.
EVALUATION OF MODEL PERFORMANCE
The operational performances of the yellow dust forecast models are evaluated according to the standards given in Table 2 . Since the absolute score from this arbitrary scoring system might not be very meaningful, an attempt to obtain scores for contrast from two other similar models (NAAPS and CFORS) was undertaken. The CFORS model is based on a three-dimensional on-line regional scale chemical transport model fully coupled with RAMS (Regional Atmospheric Modeling System). It applies a 12-bin mineral dust scheme with emission strength expressed as a function of surface friction velocity. The horizontal grid resolution was 80 km, whereas the vertical domain was divided into 23 layers with the top level located at 20 km. Note that CFORS is not really an operational model but rather a research mode model. The NAAPS global aerosol model uses global meteorological fields from the Navy Operational Global Atmospheric Prediction System analyses and forecasts on 1° × 1° grids, and 24 vertical levels reaching 100 hPa. Dust emission occurred whenever the friction velocity exceeded a threshold value and both snow depth and surface moisture were was less than the critical values. The size-dependent emission flux was taken from Westphal et. al. (1988) and scaled to include only particles with radii smaller than 5 µm. Note that the relevant parameters were read directly from the graphic output of these two modeling systems, because the original model results were unavailable. As errors were unavoidable during this manual process, coarse scoring intervals were applied to minimize the uncertainties. Due to the affects of local pollution, the temporal and spatial coverage of the dust incursion was not easily identified from the PM 10 hourly observation, particularly for the southern part of Taiwan. Therefore, northern Taiwan was the focus area for model evaluation. Note that since this evaluation gave primacy to the region of northern Taiwan, a higher score here does not guarantee that the model can also perform well for other regions. Furthermore the evaluation might not be altogether reliable because the observed PM 10 concentration included materials other than mineral dust (cf. Chou et al. 2004; Lung et al. 2004; Hsu et al. 2004; Wang et al. 2004; Yuan et al. 2004) , and reliable methods of extraction were not available.
As shown in Table 3 , the TAQM/kosa model had the best "local" performance in both years. According to the preliminary analysis, this superiority stems in part from the higher grid resolutions (81 km × 81 km) applied in TAQM/kosa (and MM5), which are greater than in NAAPS (but not CFORS). The accuracy of the results is understandable since meteorological fields strongly influence the deflation and transport of the yellow dust. This might also be due to the dust deflation module applied (Wang et al. 2000) , which might be better equipped to describe conditions for the East Asia region. Whether or not the performance of TAQM in the transport calculation is also superior requires further investigation. Note that the scores of TAQM/kosa have improved from 2002 to 2003 while the scores of other models have declined. After the operation period in 2002 the dust scheme was enhanced (such as to include wet scavenging), and these improvements were immediately reflected in the scores of 2003. The decline of performance in 2003 for other models was probably due to weaker synoptic weather systems, which require a more sensitive model to catch dust episodes. TAQM/kosa performed well in predicting the arrival time, but less so for duration and maximum mass concentration. Note that there were uncertainties in defining the episode duration due to two factors. Firstly, the dissipation of dust is normally not as dramatic as the arrival, particularly in the returning flow situation, where the build up of local pollution is enhanced sufficiently to contaminate the signals. Secondly, multiple waves of dust that originated at different times or in different locations could arrive within a short time span or even simultaneously. Consequently, it is not always apparent from observation data whether multiple peaks were due to one or more events.
CONCLUSIONS
We applied a three-dimensional Eulerian model-TAQM/kosa-to simulate the generation of dust storms in northern China and Mongolia, and the subsequent transport of yellow dust to other areas by the weather systems. A total of 13 events that brought dust to Taiwan   Table 3 . Comparisons of model performance on the forecast of a dust incursion over Taiwan between different operation models: TAQM/kosa was the model used in this study; Chemical weather Forecasting System (CFORS) was developed by the Kyushu University (Japan) group; the Navy Aerosol Analysis and Prediction System (NAAPS) was developed by the Naval Research Laboratory. The mark "X" indicates the information was not available, and this item is not counted in deriving the overall score.
during February ~ May of 2002 and 2003 were simulated and analyzed. The three dimensional structures of dust distribution and their movement were well captured by the model, developed for this study, and this capability contributed to an understanding of the transport process of yellow dust events. The yellow dust was found to be transported to Taiwan either via a direct-inland route or a detour through the East China Sea and arrived by riding with the returning flow of the ocean-bound cutoff highs, and the latter was found to travel much longer. Also, neither route was confined to the surface. Quite often the dust that reached Taiwan was initially lifted to mid to upper troposphere then gradually descended due to either a large-scale subsidence or gravitational settlement. These unique features cannot be revealed by conventional meteorological observations or satellite observations. The characteristics of the 2003 episodes were different from those of 2002, and a change in climate patterns, in particular the weakening of the Mongolian high and Aleutian low dipole system, seems to be the main cause. The amount of dust transported to the Pacific Ocean was no less than that to Taiwan according to our simulations. On seasonal average, about 10~20 µg m
